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Abstract 
Sulphonated polystyrene butadiene rubber/carbon nanoballs (SPSBR/CNBs) composites proton exchange membrane 
was developed by sulphonation of polystyrene butadiene rubber using chlorosulphonic acid as the sulphonating agent. 
The sulphonated rubber was then blended with non-catalytic carbon nanoballs (CNBs) produced by swirled floating 
catalytic chemical fluid deposition (SFCCVD) method. The SPSBR/CNBs composites proton exchange membrane 
was characterized to determine the thermal stability, water uptake, porosity and proton conductivity. The results 
obtained revealed that blending of the membrane with CNBs improved the thermal stability, water uptake retention 
and proton conductivity of the membrane with about 50% increase in proton conductivity. The synthesized and 
composite membranes were sandwiched between two electrodes to produce a membrane electrode assembly (MEA). 
The performance of the fabricated MEA was tested in a single PEM fuel cell using hydrogen as the fuel gas and 
oxygen as oxidant .The results obtained revealed that the utilization of SPSBR-CNBs composite proton exchange 
membrane resulted in higher performance compared to Nafion 112. Nafion 112 produced a maximum power density 
of 66.9 mW/cm2, while the developed membrane gave a maximum power density in the range of 73.7-97.1 mW/cm2 
depending on the mass of CNBs. 
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Nomenclature 
A1           Inherent constant (=1) 
A             Tafel constant 
d             Thickness of membrane  (μm) 
E             Cell voltage (V) 
Eo          Open circuit voltage (V) 
Eg           Band gap enery (eV)   
h             Plank constant (6.63 × 10-34js 
i              Current in the cell (A) 
io            Exchange current density 
me           Electron mass (eV) 
mh           Hole masses  
R            Radius of particle (nm) 
R            Resistance 
T Transmittance at maximum absorbance 
v             Frequency (s-1) 
α             Inherent absorbance constant  
1. Introduction 
The need for alternative source of energy is very high and the challenges are to develop a new 
technology that will produce an efficient and environmentally friendly energy source other than fossil fuel. 
Fuel cell systems especially proton exchange membrane fuel cell is considered the most promising 
alternative method of converting and exploiting energy with many benefits including low pollutant 
emission, sustainability, and reliability. Fuel cell is a device that generates electricity directly from a 
chemical reaction and it was described as the chemical engineering method of producing energy through 
electrochemical redox reactions which take place at the cathode and anode of the cell [1]-[5]. Unlike 
battery it is designed for continuous replenishment of the reactant consumed and produces electricity 
from an external supply of fuel and oxygen. Every fuel cell has two electrodes and electrolyte. The two 
electrodes are positive and negative, called the cathode and anode respectively. They allow the reactions 
that produce electricity, while the electrolyte plays a key role of permitting only the appropriate ions to 
pass between the anode and cathode [6], [7]. If free electrons or other substances could travel through the 
electrolyte, they would disrupt the chemical reaction, and a catalyst, which speeds the reactions at the 
electrodes [8]. One great appeal of fuel cells is that they generate electricity with very little pollution, and 
it has become leading candidate to replace internal combustion engine and other lower energy density 
power storage devices such as batteries. Fuel cell generates electricity chemically, rather than by 
combustion, they are not subject to the thermodynamic laws that limit a conventional power plant. 
Therefore, fuel cells are more efficient in extracting energy from a fuel. Waste heat from the cells can 
also be harnessed and used to boost system efficiency still further. Despite all the advantages of fuel cells 
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as an alternative source of energy, number of issues need to be resolved before the proton electron 
membrane fuel cell can be commercially and technologically viable. These include the durability and cost 
of membrane among many other factors [9]-[14]. This work is focussed on the development of 
SPSBR/CNBs composite proton exchange membrane from polystyrene butadiene rubber that is readily 
available in South Africa and blended with carbon nanoballs for fuel cell applications.   
 
2. Experimental Methodology 
A known quantity (10g) of polystyrene-butadiene rubber (PSBR) (Karbochem, South Africa) was 
dissolved in 250 ml of 1, 2 dichloroethane (Analytical grade ≥98%: Merck South Africa) in a 4 neck 
reactor. This was followed by gradual addition (drop wise) of 1.6 M of chlorosulphonic acid (Analytical 
grade ≥98%: Merck South Africa) in 1, 2 dichloroethane solution (Analytical grade ≥98%: Merck South 
Africa) that was initially chilled in an iced bath. The sulphonation reaction was allowed to proceed for 24 
hours. The reaction was terminated by adding ethanol (Assay ≥ 98%: Merck South Africa) and the 
precipitated sulphonated polymer was recovered, washed with deionized water until the pH of wash 
reached values of 6 – 7. The product was then dried in an oven at 80oC for 2-3 hours. The dried 
sulphonated PSBR (SPSBR) was re-dissolved in 1, 2 dichloro ethane to form a solution of sulphonated 
polystyrene butadiene rubber. This was then followed by the dispersion of various masses of carbon 
nanoballs (0.1, 0.2, 0.3, 0.4 and 0.5 g) in 1, 2 dichloro ethane. The mixture was stirred for a period of 1-3 
hours until the mixture becomes homogenous. The blended polymer was then cast and analyzed to 
determine the proton conductivity, thermal stability, water uptake, morphology, methanol crossover and 
performance in a single fuel cell stack.  
Prior to the membrane electrode assembly (MEA), the synthesized membrane both blended and 
unblended were treated to ensure that the membrane was completely in the protonic form and to remove 
any metal impurity in the membrane. The pre-treatment procedure includes boiling of the membrane in 3 
wt% of hydrogen peroxide (H2O2) for one hour, followed by boiling in deionized water for one hour. The 
membrane was then boiled in 0.1 M H2SO4 for 1 hour and finally boiled in deionized water for one hour 
to remove the excess acid deposited at the membrane surface. The MEA was prepared by sandwiching the 
synthesized membrane between two electrodes and then hot pressed at 100oC for 3 minutes at a pressure 
of 173.53 Psi. The fabricated MEA was then placed in a single fuel cell stack with the hydrogen as the 
fuel and oxygen as the oxidant.  Hydrogen was passed through a humidifier to wet the gas and fed into the 
anode at a flow rate of 712 ml/min and 20 kPa. Oxygen entered the fuel cell through the cathode at a flow 
rate of 433 ml/min and 15 kPa. The current and voltage generated were recorded using a digital 
multimeter (1906 Competing Multimeter). 
 
3. Results and discussion of results 
This research is aimed at improving the quality of the membrane synthesized from the locally available 
polystyrene butadiene rubber by blending it with carbon nanoparticles. Carbon nanoballs produced by 
non-catalytic method was the nanoparticles of choice for the blend [6]. High purity, low porosity and low 
degree of graphitization (low electrical conductivity) favour the choice of carbon nanoballs produced by 
non-catalytic method [6].  
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3.1. Characterization of the composite proton exchange membrane
Carbon nanoballs were used as proton conductive reinforcing material to produce SPSBR/CNBS 
composites membrane for proton exchange membrane. The morphology of the composite membranes at 
various mass of carbon nanoballs indicates that the CNBs are uniformly dispersed within the membrane, 
and as the mass of carbon nanoballs blended with the membrane increases the denser the membrane [6]. 
The uniform distribution of the CNBs on the membrane could be attributed to the electrostatic force of 
attraction between the sulphonic group and CNBs. The average particles diameters in the polymer-CNBs 
composite are in the ranges of 50-100 nm. The particle size of dispersed CNBs on the synthesized 
membrane is increasing with increase in the mass of CNBs blended with the polymer membrane [6]. In 
Figure 1, the cross sectional micrograph of the prepared composite membranes are shown as a function of 
mass of CNBs. It can be seen from the Figure that the CNBs were not only distributed on the surface of 
the sulphonated rubber, but also inside the membrane pores. The CNBs particles are located in the 
polymer cluster because of the smaller size of the CNBs when compared to that of polymer. Therefore the 
CNBs are entrapped in the polymer cluster which will result in increase in proton conducting property of 
the composite membrane. The charge passage through the percolated sponge like microstructure supplies 
the transport channels as shown in Figures 1 [15]. The affinity of SO3H group with the CNBs is further 
strengthened as the CNBs aggregated significantly the SO3H group molecules thereby forming a 
networking ring, especially as the amount of CNBs used in the composite membranes increases. This is 
the phenomenon that will therefore improve the quality of the resulting membrane especially its ionic or 
proton conductivity. 
Figure 2 shows the TGA profiles of the PSBR, SPSBR and the membrane modified with CNBs. The 
improvement in the thermal stability of the composite membranes as presented in Figure 2 can be 
attributed to the rigid electrostatic force of attraction between the SO3H and network of CNBs in the 
composite. These results also revealed that the mass of CNBs blended with the membrane is a 
contributing factor to improving thermal stability of the membrane synthesized from PSBR. It can be 
observed from the TGA profiles that the second weight loss step which represents the loss of styrene 
group is in the range of 341-457.64 which increases with increase in the mass of CNBs as compared to 
temperatures range of around 306.9oC-412oC for non-blended membrane. The third weight loss step is in 
the range of 475.25oC- 554.72oC representing the decomposition of the main chain, which also increases 
with increase in mass of CNBs in the composite membranes.  
The dependence of the water uptake by the composite on the amount of CNBs blended with the 
sulphonated polystyrene butadiene rubber was investigated also. The results obtained indicate that the 
water uptake of the composite membrane is influenced by the amount of CNBs blended with the polymer 
[6], [16]. These results also show that the water uptake of the composite membrane is better than that of 
the membrane without carbon nanoballs. The weight percentage of the water uptake by the composite 
membrane increases with increase in CNBs ratio in the polymer matrix. The increase in the water uptake 
of the blended membrane can be attributed to water retention ability of the CNBs. Figure 3 shows the 
proton conductivity of the synthesized SPSBR-CNBs composite membrane at different thickness as a 
function of mass of CNBs in the composite. As shown in the Figure, it can be seen that the proton 
conductivity of the unblended membrane is lower than those blended with CNBs. The increment in the 
proton conductivity of the blended membrane could be attributed to the ionic cluster of CNBs around the 
SO3H group in the synthesized membrane. Therefore, blending of the membrane with CNBs is of high 
importance to the performance of the membrane. Increase in proton conductivity of the blended 
membrane can be attributed to excellent water uptake due to the presence of CNBs when compared to that 
of unblended membrane. 
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 Figure 1: SEM micrographs of the composites membrane (a) non-blended membrane (mass of CNBs = 
0g) (b) mass of CNBs = 0.1g, (c) mass of CNBs = 0.2g (d) mass of CNBs = 0.3g and (e) mass of CNBs = 
0.4g) 
 
The presence of CNBs in the composite membrane form the hydration shells around the fixed 
covalently bonded sulphonic group which aid water uptake capacity of the composite membrane [18]. For 
instance the proton conductivity of the unblended membrane with thickness of 200 µm is ͳǤ͵ ൈ ͳͲିଶ 
S/cm. While those of the blended membranes with same thickness are in the range ofͳǤͶ͹ ൈ ͳͲିଶ െ
ʹǤͲ ൈ ͳͲିଶܵȀܿ݉, these values increase with increase in mass of CNBs in the composite membrane. As 
shown in the Figure, the CNBs improve substantially the transport of proton through the composite 
membrane The CNBs particles serve as proton hopping bridge, which is responsible for the proton 
conducting properties of the composite membrane. Based on the mechanisms of blending of CNBs with 
the sulphonated rubber, relationship developed by Davis and Mott [17] as shown in Equations 1 and 2 
were used to determine the CNBs particle diameter on the surface of the sulphonated polystyrene 
butadiene rubber [6].  
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 ܶ ൌ ܣଵ݁ݔ݌ሺെߙ݀ሻ                                                                                                                      (1) 
 
Where: T = transmittance at maximum absorbance, A = inherent constant = 1, α = inherent absorbance 
constant and, d= thickness of the membrane film 
 
 
 
Figure 2: TGA profile of the SPSBR/CNBs composite membranes at different mass of blended CNBs  
ሺߙ݄ݒሻଶ ൌ ൫݄ݒ െ ܧ௚൯                                                                                                                 (2) 
 
The absorbance constant of the blended membrane at different mass of CNBs was determined from the 
plot of transmittance against wavelength obtained from UV-VIS spectra of the membranes blended with 
nanoballs. The results indicate high nanoballs content in the membrane matrix with the transmittance of 
all the membranes above 90% at the wavelength within the range of 700-900nm, depending on the mass 
of the CNBs [6], [16]. The theoretically determined band gap energy of the membrane at different mass of 
CNBs is presented in Table 1. The particle (CNBs) size in the membrane composite was then determined 
using equation (3) [17]. 
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me = 0.87mo [18],  mh= 0.19mo [19] and  mo = 8.19 × 10-14j 
 
Equation 3 is modified to give [4] 
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Figure 3: Effect of CNBs on the proton conductivity of the membrane at different membrane thickness 
 
Equation 4 was used to determine the particle size in the composite membrane at different mass of 
CNBs. The results obtained as presented in Table 1 indicate that as the CNBs content increases the band 
energy of the composite membrane reduced while the particle diameter increases. The increment in 
particle size relative to mass of CNBs in the composite can be attributed to formation of the particle 
aggregate at high concentration of the CNBs in the composite membrane. It is also observed that the 
calculated particle sizes are approximately equal to the average sizes of the CNBs as observed from SEM 
analysis.  
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Table 1: Band energy and calculated CNBs particles diameter from UV data 
Mass of CNBs (g) 
Blended with 
SPSBR 
Absorbance 
constant 
Calculated Band 
Energy Gap (ev) 
of the composite 
membrane 
Average particle 
diameter from 
(SEM) (nm) 
Calculated particle 
diameter from UV 
data (nm) 
0.1 4854.06 3.066 50 43.06 
0.2 6163.55 2.760 70 62.01 
0.3 7199.52 2.500 80 78.31 
0.4 7217.40 2.160 100 97.46 
 
In order to confirm the rigidity of CNBs within the membrane matrix and the attachment of the 
sulphonic group to the membrane. The membrane samples were soaked in water for 30 days and proton 
conductivity was tested. The results obtained reveal that conductance values were stable, which is an 
indication that there was neither loss of sulphonic acid groups that was attached to the membrane nor 
removal of the CNBs on the membrane matrix. Therefore, the CNBs and the acid group in the synthesized 
composite membrane were strongly attached to the membrane. Table 2 shows the effects of CNBs on the 
methanol permeability of the composite membranes. The data on this table indicate that as the mass of 
CNBs increases, the methanol permeability of the composite membranes decreases. This is an indication 
that blending of CNBs with membrane will influence the performance of the membrane in fuel cell 
application. Factor (ф) known as characteristic factor was also used to justify the performance of the 
composite membrane in fuel cell [20].  
 
 
Table 2: Characteristic factor of the composite membranes  
 
Mass of CNBs (g) Proton conductivity 
(S/cm) 
Methanol 
permeability 
X 10-7 (mol/cm2s) 
Characteristic factor
0 0.013275 7.329 18.11 
0.1 0.014602 6.172 23.66 
0.2 0.016062 5.685 28.25 
0.3 0.018093 5.004 36.16 
0.4 0.019912 4.124 48.29 
 
 
The characteristic factor (Ф) which is the ratio of proton conductivity to the methanol permeability of 
the membrane is an effective parameter to justify the membrane performance. The decrease in the 
methanol permeability in the presence of high ionic conductivity should improve the cell efficiency and 
power density. 
3.1.  Performance of the composite membrane in a fuel cell stack 
The improvement of the membrane blended with carbon nanoballs (SPSBR-CNBs composite membrane) 
has been previously shown through the various analyses conducted on the composite membrane and none 
blended membrane. It is therefore important to prove the superiority of the composite membrane over 
non-blended membrane in a fuel cell stack. Thus, the performances of non-blended and CNBs blended 
synthesized membranes in fuel cells were tested and compared in a single cell stack at room temperature. 
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The results obtained are shown in Figure 4. From this Figure, it is clear that the membranes blended with 
CNBs exhibit a superior performance to non-blended membrane, while the non-blended membrane shows 
a better performance than Nafion 112. The composite membrane produced a maximum power density in 
the range of 0.0737-0.0971 W/cm2 depending on the mass of CNBs, while Nafion 112 produced a 
maximum power density of 0.067 W/cm2 which is about 6.9-31.75 % higher than the latter. The better 
performance of the blended membrane can be attributed to the hydrophilic properties of carbon nanoballs, 
which contributed to proton conductivity of the composite membranes. Therefore, the use of CNBs as 
proton conducting fillers enhances the global proton conductivity of the composite membranes. 
Experimental data was fir to the existing equation of polarization curve (Equation 5) from a single cell 
stack that was developed based on the theory of electrochemical reaction.  The kinetic parameters for the 
performance of MEA are presented in Table 3. These parameters are obtained from the slope of the 
polarization curve, while the membrane resistances are obtained from the impedance curve and the 
flooding parameters and fitting constant are obtained by fitting the data to the equation.  
 
E = Eo –Alni –Alnio –iR                                                                                                 (5) 
 
Table 3: Electrochemical kinetic parameters for the single fuel cell stack at different mass of carbon 
nanoballs in the membrane.  
Mass of CNBs (g) E0 (V) A (V) R (Ωcm2) io (A/cm2) 
0 0.719 0.12592 0.573 0.0118 
0.1 0.749 0.133589 0.521 0.0135 
0.2 0.776 0.133543 0.474 0.0124 
0.3 0.798 0.130706 0.421 0.0121 
0.4 0.827 0.133607 0.382 0.0119 
It can be observed from Table 3 that the resistance decreases with increasing in mass of CNBs contents of 
the composite membrane. This result also confirms the ability of the blended membrane to reduce MEA 
resistance and thus facilitates proton conduction of the membrane. Equation 5 was simulated with the 
constant presented in Table 3 to predict the potential of the fuel cell stack at different mass of CNBs in 
the membrane composites and the results obtained are compared with experimental results. The statistical 
analyses of the calculated and experimental results as shown in Table 4 indicated that the calculated 
results conform well to the experimental results with little variation. This variation can be attributed to 
inconsistency in the flooding parameters [16] 
Table 4: Error analysis for the calculated and experimental results 
Mass of CNBs (g) Standard error Correlation coefficient Standard deviation 
0 0.028 0.987 0.164 
0.1 0.033 0.983 0.173 
0.2 0.032 0.983 0.175 
0.3 0.033 0.982 0.175 
0.4 0.030 0.985 0.17 
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Figure 4: Influence of CNBs on the performance of the SPSBR based MEAs 
4. Conclusion 
The synthesized blended and none blended membranes were sandwiched between two electrodes to 
produce membrane electrode assembly (MEA) using hot press method at constant conditions of 
temperature, pressure and time. The performance of the fabricated MEA was tested in a single PEM fuel 
cell using hydrogen as the fuel gas and oxygen as oxidant at room temperature (about 25oC). The analyses 
of the results obtained revealed that utilization of sulphonated PSBR resulted in higher performance 
compared to Nafion 112. Nafion 112 produced maximum power density of 0.0669 W/cm2 while the 
membrane synthesized from PSBR generated maximum power density of 0.0737 W/cm2. This difference 
showed about 10.45% increment. Also the membrane blended with CNBs exhibited a superior 
performance to none blended membrane. The former produced a maximum power density in the range of 
0.0737-0.0971 W/cm2 depending on the mass of CNBs. These values are about 6.9-31.75% higher than 
none blended membrane. It can be inferred from the performance evaluation of the synthesized 
membranes that blended membrane was better than none blended membrane which in turn was better than 
the Nafion 112 in terms of qualities and performance.  
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